We demonstrate that the dynamic nematic excitation spectrum as measured by Raman scattering displays a nematic resonance in the superconducting state of the iron based superconductors. The mode emerges as one approaches the nematic / structural phase transition and occurs at energies below twice the superconducting gap and its energy stays finite even in the limit of a nematic quantum critical point. The existence, position, and spectral weight of the mode are directly linked to the coupling strength between nematic excitations and Bogoliubov quasiparticles. The observation of the mode in several iron based superconductors by Raman scattering is therefore evidence that nematicity affects the pairing interaction in these systems.
Nematicity in correlated electron systems encompasses the strong tendency of the interacting electron fluid to break a rotational symmetry without necessarily breaking a translation symmetry [1] . It is at the heart of the phase competition in iron based superconductors (Fe SC) [2] , leading to a lattice softening [3] [4] [5] , transport and magnetic anisotropies [6] [7] [8] [9] [10] , signatures in Raman [11] , optical [12, 13] and single particle [13] [14] [15] [16] spectroscopies in the normal state. While nematicity is clearly an essential ingredient of the phase competition between magnetic, orbital, and structural degrees of freedoms, it is unclear whether nematic fluctuations couple to low energy charge carriers in the superconducting state and thus contribute to the pairing glue for high-T c superconductivity. In fact, even the existence and detailed nature of nematic fluctuations below T c is not established.
In this Letter, we demonstrate that near either a nematic quantum critical point or a weak nematic firstorder transition [17, 18] , a new resonance mode emerges in the nematic excitation spectrum below the superconducting transition temperature. This nematic resonance can be seen via Raman scattering in the B 1g symmetry channel and occurs as a sharp structure somewhat below twice the superconducting gap ∆ of the electron pockets of Fe SC. The mode is the nematic counterpart of the spin-resonance, observed in neutron scattering experiments in Fe SC and cuprates superconductors [19] [20] [21] [22] [23] [24] . The existence, position, and spectral weight of the mode are all directly tied to the coupling strength between nematic excitations and superconducting quasiparticles. The mode is caused exclusively by electronic contributions to the nematic excitation spectrum, while renormalizations due to the lattice are dynamically screened and thus suppressed. This leads to the interesting result that the Raman nematic resonance energy remains finite even at a nematic quantum critical point. The mode also serves as a strong indicator that the superconducting gap is fully established, as nodes of the gap will wash out the resonance. Existing Raman scattering measurements in Co doped Ba-122 [25, 27] and Na-111 [28] systems give very strong evidence for this new mode and reveal that there is a substantial coupling between Bogoliubov quasiparticles and nematic fluctuations.
We consider a system characterized by an Ising nematic instability with nematic order parameter φ. For our consideration the microscopic origin of this order parameter is not important. Spin-or bond-current driven nematicity [17, [29] [30] [31] [32] , orbital fluctuations [33] [34] [35] [36] or a d-wave Pomeranchuk instability [37] all behave qualitatively the same. We do take advantage of the fact that, by symmetry, φ (q) couples directly to the two-body dwave density:
where
y under the point group operations. Here we are concerned with the situation where the nematic transition is of second order, or weakly first order and the electronic contribution to a quantum Ginzburg-Landau expansion is of the form (we use´q · · · = T N n q · · · and combine momentum and frequency variables q = (q, iω n )):
g is the coupling constant for electronic nematicity and χ 0 nem (q) is proportional to the bare d-wave or B 1g density correlation function. This is the purely electronic contribution that would lead to an electronic nematic instability for gχ 0 nem (0) = 1. In addition, there will be a coupling to the lattice degrees of freedom. Its form is again dictated by symmetry and is given as [38] :
γ is a nemato-elastic coupling constant and u is the usual phonon displacement field. In the harmonic approximation of the lattice, the effect of the coupling to phonons arXiv:1504.04570v1 [cond-mat.supr-con] 17 Apr 2015
is a renormalization of the nematic coupling constant:
C 0 s is the bare value of the orthorhombic elastic constant C s and q is a wave vector along the critical directions of the Brillouin zone [39] . Given the dynamic nature of the phonon exchange, this coupling is both momentum and frequency dependent. More importantly, the static limit g stat ≡ g (q, 0) = g + γ 2 C 0 s and the dynamic limit g (q = 0, ω) = g do not commute [40] .
The lattice-corrected full nematic susceptibility is then given as:
The thermodynamic behavior is governed by the static limit ω = 0 and q → 0. It determines the actual nematic phase transition via g stat χ 0 nem (0) = 1 and the softening of the lattice, as seen in the strong temperature dependence of the elastic constants [3] . The frequency dependence of this susceptibility can be measured via electronic Raman scattering in the B 1g channel which probes fluctuations of the two-body d-wave density (Eq. 1). Given the small photon momentum and the comparatively high frequencies, the relevant regime is the dynamic limit, i.e. the Raman response function is determined by
where we suppressed the momentum q = 0 in χ 0 nem . Thus, the enhancement of the static nematic coupling constant due to the coupling to elastic degrees of freedom does not enter the dynamic Raman response. The reason is that the small photon momentum cannot couple efficiently via acoustic phonons which, being Goldstone modes, are forced via Adler's principle to decouple at small momentum [42] . Thus, the dynamic Raman response naturally filters out the purely electronic contribution of the nematic response.
With these considerations in mind we now focus on the electronic Raman response in the superconducting state. In the B 1g -channel, the Raman response of electrondoped Fe SC is governed by the electron pockets [43, 44] and we assume for simplicity a constant SC gap ∆ on those pockets (for other scenarii see [46, 47] ). It is then straightforward to determine the imaginary part of the bare Raman response below T c :
This result is, up to the d−wave weighted electron-pocket density of states ρ = usual one for a fully gapped superconductor [41] . The square root divergence for ω → 2∆ from above is the well established pair-breaking peak in the electronic Raman spectrum of a superconductor [45] . For our considerations we also need the real part of χ 0 nem (ω) shown in Fig. 1 . The important aspect of the real part occurs for |ω| < 2∆. In this regime it follows after Kramers-Kronig transformation:
We allowed for an additional contributions χ 0 nem,∞ to the real part of χ 0 nem (ω) that is a consequence of high energy tails in the imaginary part. χ 0 nem,∞ is weakly frequency dependent on the scale of the superconducting gap and therefore approximated by a constant. As we will see, it will merely cause a Fermi liquid renormalization of the static and dynamic nematic coupling constants. The thermodynamic phase transition is determined g stat χ 0 nem (0) = 1 which yields λ QCP stat = 1, where
nem,∞ is the dimensionless nematic coupling constant in the static regime, renormalized by high energy excitations.
Because of its singular behavior, the leading contribution to Reχ 0 nem (ω) for frequencies below 2∆ is the second term. If we insert this result into Eq.6, we find a sharp pole in the renormalized Raman response once the condition 1 = gReχ 0 nem (Ω r ) is fulfilled for Ω r < 2∆, where the imaginary part vanishes. As illustrated in Fig.1 , the square root divergence of Reχ 0 nem (ω) as ω approaches 2∆ from below, guarantees that the above condition can be satisfied and that a new exciton pole emerges. The resonance frequency of the nematic response is: 
Evolutions of the nematic resonance energy Ωr (a) and spectral weight Zr (b) with the electronic nematic coupling constant λ (dynamic limit). Note that both the complete softening of Ωr and the divergence of Zr, expected at λc for a purely electronic system, are interrupted by the structural transition at λ QCP < λc because of the finite nematoelastic coupling.
Here λ = ρg/ 1 − gχ 0 nem,∞ is the dynamic analog to the static coupling constant λ stat and θ(λ) obeys the equation: sin 2θ = 2λθ. Since g stat = g +γ 2 /C 0 > g, it follows λ stat > λ. The λ-dependence of Ω r is shown in Fig. 2(a) .
In the clean limit and at T = 0 K, the mode is arbitrarily sharp as it occurs below the particle-hole continuum that starts at 2∆. Near the resonance the electronic Raman response is:
with spectral weight
. The evolution of Z r with λ is shown in Fig. 2(b) . Z r must be compared with the total weight π 2 ρ∆/2 of the usual pair-breaking peak of the BCS theory. Near 2∆ the spectral weight vanishes linearly Z r ≈ π Ωr−2∆ ∆
. Since ρ∆ 1, the resonance mode soon acquires a weight comparable to the non-interacting BCS pair-breaking peak. A typical value for Ω r = 3 4 2∆ is Z r ≈ 1.45. If the mode frequency ever approaches zero (i.e. for λ → 1), the weight diverges as Z r ≈ 3π∆ 2Ωr . However, this does not happen for systems with finite nemato-elastic coupling γ when λ < λ stat ≤ 1. Thus Ω r will not vanish as one approaches the quantum critical point.
In Fig. 3 we show the Raman response for different coupling constants. There we included a small but finite intrinsic width Γ=0.02∆ that may result from impurity scattering or thermal excitations of quasiparticles. We see that for moderate nematic coupling constants the pair-breaking peak keeps its lineshape but increases in weight. Once 2∆ − Ω r is larger than Γ, a well separated peak emerges that has a Lorentzian line shape for larger coupling strength. We note that the sharpness of the Raman resonance heavily relies on the opening of a full gap in the superconducting spectrum. Nodes of the gap around the electron pockets essentially wash out the nematic resonance [47] , making the presence of the ne- matic resonance a clear indication of the absence of nodes around the electron pockets. We now make contact with the experiments on Fe SC and in particular in Co doped BaFe 2 As 2 (Co-Ba122) [11, 25, 27] . In the superconducting state of Co-Ba112 the most salient feature of the Raman spectra is a peak observed in B 1g symmetry only [25] . Until now the B 1g peak has been attributed to a 2∆ BCS pair breaking peak coming from the electron pockets [25, 27, 43] . However as first reported in Ref. [27] , its Co doping dependance displays a striking behavior which is shown in Fig. 4(a) . Coming from the overdoped tetragonal side (x=0.1, T c =20 K) of the phase diagram, the spectral weight of the peak increases dramatically upon approaching the orthorhombic / nematic phase which occurs below x=0.065. It reaches a maximum at x=0.065, around T c,max ), before collapsing in the orthorhombic phase at lower x (see Fig. 4(b) ). As stated above, the spectral weight of a simple BCS Raman pair-breaking peak is expected to scale as the gap energy ∆. However the strong enhancement of Z r around optimal doping cannot be explained by changes in ∆ since the peak energy actually softens upon approaching x=0.065, going from ∼ 5 to ∼ 4 k B T c , (see inset of Fig. 4 ) and the T c changes by less than 20% between x=0.1 and x=0.065.
The observed enhancement can be naturally explained by the nematic resonance scenario whose spectral weight Z r is strongly enhanced by the proximity of an nematic instability as shown in Fig. 2 . In Co-Ba122 the position of the purely electronic nematic instability x c can be determined by looking at the divergence of Raman B 1g nematic fluctuations observed in the normal state of the tetragonal phase. The divergence was shown to follow a Curie-Weiss temperature dependence over a wide range of Co doping from x=0 to x=0.1 signaling a purely electronic nematic instability [11] . As shown in fig. 4(b) , the extracted Curie-Weiss temperature for different x, [27], except the x=0.07 spectrum). The spectra have been subtracted by those just above Tc to highlight the SC induced features. x=0.065 corresponds to optimal doping (Tc=24.5 K) and the spectra in orange correspond to x compositions in the orthorhombic phase. Inset: Co doping evolution of Ωr in units of kBTc. (b) Integrated spectral weight of the peak Zr and electronic nematic Curie-Weiss temperature |T0| as a function of x-xc. The dash line is a guide to the eye highlighting the enhancement of Zr on the tetragonal side which is cut-off by the orthorhombic phase. xc=0.055 is defined as the T=0 K intercept of |T0|(x). T0 is positive for x < xc (filled symbols) and negative for x > xc (open symbols). T0 data are taken from [11] except the x=0.055 and x =0.075 compositions.
T 0 , extrapolate to T=0 K at x c ∼0.055. In a purely electronic model the spectral weight Z r would diverge at x c . However as already stressed above because of finite nemato-elastic coupling the actual quantum critical point is moved to a higher doping x QCP , between x=0.06 (T S =46 K) and x=0.065 (T S =0 K), and the divergence of Z r is cut-off by the structural phase transition. This crucial point also explains the relatively mild softening of the resonance energy which would, in the absence of the lattice, vanish at x c but instead remains finite here because x QCP > x c .
We note that a similar divergence of the B 1g peak spectral weight has been observed in Co doped NaFeAs close to the boundary between the tetragonal and orthorhombic phase [28] . There the B 1g resonance was found to be almost Lorentzian below T c , with a linewidth significantly smaller than in the case of Co-Ba122: 1 meV and 5 meV respectively near optimal doping. This difference possibly reflects a smaller coupling constant λ in Co-Ba122 which would make the nematic resonance closer to the 2∆ continuum and therefore broader. Recent ARPES data in Co-Ba122 indeed indicate that the B 1g peak energy is only slightly below 2∆ of one of the electron pocket [48] .
The reported observations make a robust case for the presence of the nematic resonance in Fe SC near the nematic instability. The nematic resonance scenario captures remarkably well the salient features of the B 1g peak: its nematic symmetry (B 1g ) and the strong enhancement of the its spectral weight. It also makes a direct link between the nematic response in the normal and superconducting state via Eq. 6: close to x c the enhanced static nematic susceptibility of the normal state converts into a sharp nematic resonance at finite energy in the SC state.
The emergence of a sharp Raman resonance below the superconducting transition temperature is reminiscent of the neutron resonance that occurs in the spin excitation spectrum. In fact there is a close formal analogy of our theory to the one for the neutron resonance mode in superconductors with sign changing gap near a magnetic instability [49, 50] . In both approaches a singular behavior of the imaginary part of a bare response function, caused by the superconducting coherence factors, is amplified by the vicinity to a quantum critical point. In the neutron resonance scenario the critical point is antiferromagnetic and the response function is the spin susceptibility. Our theory is concerned with a nematic quantum critical point and is reflected in the Raman response. Important differences are that the singularity in our case is not related to a sign change of the gap as small momentum excitations are probed. For the same reason the Raman resonance is more sensitive to nodes of the gap.
In summary we have demonstrated the generic presence of a nematic resonance in the SC state of systems near a nematic quantum critical point like Fe SC. The very existence of this resonance relies only on the presence of a fully gapped Fermi pocket and the proximity of a nematic quantum critical point. Existing Raman data in the B 1g symmetry channel of several Fe SC systems like Co-Ba122 and Co-Na111 indicate that this resonance actually dominates the Raman response in the SC state. It provides the most striking manifestation of nematicity in the superconducting properties of Fe SC.
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In the main text we calculated the bare nematic susceptibility χ 0 nem (ω) for a BCS state with uniform s-wave gap. In this supplementary section we contrast this situation with those where the s-wave gap is non-uniform. In particular, our goal is to argue that (i) a nematic resonance is implausible in the case where the electron pocket has accidental nodes, and that (ii) when accidental nodes are absent the nematic resonance energy is below twice the minimum gap value.
For the electron pockets the usual B 1g Raman vertex γ 2 B1g (k) ∝ (cos k x − cos k y ) 2 gets shifted by (π, 0) or (0, π), and therefore can be replaced by a constant γ 2
B1g
. The low-energy contribution to χ 0 nem (ω) can be expressed as
where ν 0 is the density of states at the chemical potential, and η is infinitesimal in the clean limit where the Bogoliubov quasiparticles are infinitely long lived. Following ref. 46 , we model the anisotropic gap function as
where the parameter r determines whether there are accidental nodes or not. In the following we consider two cases, namely (a) r = 1.4 with nodes, and (b) r = 0.6 without nodes. In Fig. 5 we show the real and the imaginary parts of χ only negative finite step jumps at ω = 2∆ min and at ω = 2∆ max , where ∆ min and ∆ max are the smaller and the larger local maxima in |∆ θ | respectively. Otherwise it is quite flat as a function of frequency. This behaviour, in conjunction with the fact that at the C 4 -symmetry breaking quantum critical point Reχ 0 nem (ω = 0) = 1/g stat < 1/g (see main text for definitions of g stat and g), implies that for gaps with nodes it is not possible to satisfy the resonance condition Reχ 0 nem (Ω r ) = 1/g. Furthermore, even if there is a resonance due to microscopic fine tuning, the fact that there is finite spectral weight below 2∆ min implies that the peak will be broadened, and will merge with the pair breaking peak. In (b), we find that Reχ 0 nem (ω) has a log singularity at ω = 2∆ min , where now ∆ min is a local minimum of |∆ θ |. Beyond this, Reχ 0 nem (ω) decreases with frequency, and has a negative step jump at ω = 2∆ max . Consequently, in this case the resonance condition can be satisfied for Ω r < 2∆ min . Thus, the position of the resonance provides a good lower limit to the gap value.
